From an evidence-based perspective, performance during standardised exercise testing is of considerable importance in the multidimensional evaluation of most respiratory diseases. In this review we aim to summarise the available evidence on the responsiveness of exercise tests to various pharmacological and non-pharmacological therapeutic interventions, as well as the underlying mechanisms associated with the improvements. A standard test to evaluate interventions has not yet been defined and therefore there are several available formats with different types of responsiveness to interventions. Thresholds for clinically important changes are available for several tests. The mechanism of improvement is different depending on the disease process: when moderate or severe airflow limitation is present, as in chronic obstructive pulmonary disease (COPD), the primary mechanisms are reduced ventilatory requirement and/or enhanced ventilatory capacity via reduction of dynamic hyperinflation; in pulmonary arterial hypertension the effect of treatment is typically associated to haemodynamic improvement, while in interstitial lung diseases, the amelioration of arterial oxygen desaturation seems to be the predominant physiological factor. Corresponding author: Luis Puente-Maestu, lpuente@separ.es 
IntroDuctIon
Performance during standardised exercise tests is of considerable importance in the multidimensional evaluation of most respiratory diseases 1 . Exercise testing is essential for the accurate quantification of functional capacity and identifying mechanisms underlying exercise intolerance. Several physiological response indices correlate directly to major clinical outcomes, such as survival and hospital admissions, thus allowing consider able improvement in prognostic stratification 1 .
Recognising these important connections, regulatory agencies in the United States and Europe, such as the Food and Drug Administration (FDA) and European Medicines Agency (EMA)/Committee for Medicinal Products for Human Use (CHMP) have issued guidelines for the pharmaceutical industry acknowledging exercise testing as a primary efficacy outcome for interventions in pulmonary arterial hypertension (PAH) and a recommended complementary endpoint for chronic obstructive pulmonary disease (COPD). Direct assessment of the effects of interventions on exercise performance is likely to be relevant for other chronic respiratory conditions as well.
There is now a substantial body of evidence relating to the value of different exercise indices in assessing the effects of therapeutic interventions in respiratory diseases. The current review summarises the utility of incremental constant work rate and self-paced tests in assessing for such purpose and the physiological mechanisms underlying the responsiveness of exercise protocols to interventions.
the concept of the mInImAl clInIcAl ImportAnt DIfference
The minimal clinically important difference (MCID) was first described in the 1980s as a method to express the smallest incremental change in a measurement that would be clinically meaningful for patients and clinicians. This differs from the concept of statistical difference, since changes in groups related to an intervention can be statistically significant (e.g., p < 0.05), but too small to lead to a perceptible or tangible effect on the clinical status of the patient. Commonly cited MCID values in COPD are detailed in table 1 2 . Minimal clinically important differences are, by nature, difficult to establish with precision, but they are usually "anchored" to the patient assessment of improvement and then triangulated by means of its relation with other measurements (changes in quality of life, survival, or COPD exacerbations among others), cut-off points derived from a specifically defined statistical distribution, such as 0.5 of the standard deviation (SD) (or 1 standard error of mean [SEM] ), and the generalised clinical appraisal of relevance 3 . The effect seen in clinical trials is then compared with the MCID. When the mean and 95% confidence intervals (CIs) exceed the MCID, then the intervention is definitely effective (statistically and clinically significant) (Fig. 1) . However, if the MCID lies within the mean and 95% CI, then the result is statistically and clinically possible (mean result exceeds the MCID) or probably positive (result below the MCID). Finally, if the mean and 95% CI includes the zero line on the Forest plot and is much lower than the MCID, the intervention is definitely not clinically effective (Fig. 1) .
test formAts

Incremental exercise tests
Incremental exercise tests (IET), including cycle or treadmill cardiopulmonary exercise tests, have the ability to report a symptomlimited measure of tolerance, i.e. peak oxygen uptake (V O 2 max) value which can be compared as a pre-post clinical intervention. This value is very reproducible (3-9% variation) and therefore does not require more than one study to establish a baseline 5 . Studies in a variety of diseases, including COPD, PAH, interstitial lung diseases (ILD) and cystic fibrosis (CF) 6 , document a strong association of V O 2 max and survival 7 . Additionally, although the MCID for V O 2 max has proven difficult to ascertain, a study in COPD patients, the National Emphysema Treatment Trial (NETT), suggested that a change in V O 2 max of 40 ml/ min (corresponding to a 4-watt change) was considered a MCID 8 . In other diseases, such as PAH, a goal of therapy is to increase the V O 2 max to above 15 ml/min/kg and thus improve prognosis 9 .
In regard to non-pharmacological therapies, studies in COPD patients with Global Initiative for Chronic Obstructive Lung Disease (GOLD) grades 2-4 have demonstrated modest increases in V O 2 max after lower limb endurance muscle training 10 . Endurance training also increases V O 2 max in PAH, in interstitial pulmonary fibrosis (IPF), in CF and in asthma 1 ( Table 2 ). The range of improvement in V O 2 max related to COPD rehabilitation is from 0.1-0.5 L/min or about 10-40% of baseline, with a mean improvement of 11% 1 . Rehabilitation in PAH increases V O 2 max by 1-1.5 ml/min/kg 11, 12 and similarly in IPF patients 13 . Lung transplantation surgery, lung volume reduction surgery, supplemental oxygen therapy in COPD and in CF 14 can also increase V O 2 max 1 .
In regard to pharmacological interventions that increase peak V O 2 , short-acting β 2 -agonist (SABA), long-acting β 2 -agonist (LABA) and long-acting muscarinic antagonist (LAMA) bronchodilator administration can increase V O 2 max in COPD patients, although the changes are small (40-180 ml/min) 1 . Peak V O 2 has also been shown to increase with pharmacological therapy in PAH, ranging from 1.5 to 2.0 ml/min/kg (9-14% change) 15 .
The incremental shuttle walk test (ISWT) is an externally paced evaluation 16 . It has been The figure demonstrates the four types of relationships between MCID (gray circle) and the intervention mean (black square) and 95% confidence intervals (bars). The intervention result can be larger than the MCID and the 95% confidence intervals do not include the MCID (definitely clinically effective as an intervention). This suggests that the intervention is both statistically significant and clinically important. Probably and possibly clinically effectiveness occurs when the MCID is in the lower or upper portion of the confidence intervals, respectively. The intervention is definitely not clinically effective when the MCID is well larger than the intervention result, and the 95% confidence intervals include the null line of the Forest plot (reproduced and modified with permission from Man-Son-Hing M et al. 4 ).
applied in patient populations including COPD, ILD, and CF 17, 18 . The test is performed using two markers nine metres apart (ten-metre course). Walking speed is incremented each minute until the subject cannot reach the next marker in the allotted time. Small (20-25 metres) increases occur between ISWT performed on the same day and planned studies should have two ISWTs performed to establish a firm baseline, using the greater distance achieved. The MCID for ISWT has been established as 47 metres and ISWT has been shown to be a predictor of survival and readmissions in COPD patients 17, 18 .
high intensity constant work rate exercise protocols High intensity constant work rate (HICWR) exercise testing is commonly used to assess pharmacological and non-pharmacological interventions. These tests are typically performed on a treadmill or cycle ergometer, are preceded by an incremental test evaluation and utilise a work rate (often 70-85% of the peak work rate [WR] in the incremental test) sufficient to fatigue the subject within three to eight minutes. In one large series of COPD patients, setting the intensity at 75% of peak WR resulted in values of time to tolerance (t lim ) between three to eight minutes in 57% of the instances. When the WR was outside of the desired range, a shorter t lim (~25% of tests) was more common than a longer t lim (~18%) 19 . The value of t lim has been found to increase across two tests, five days apart 20 . However, average change in the second test was small (34 seconds). Other laboratories have demonstrated an even smaller average t lim difference in the second test on the same or next day 21, 22 . It must be understood that, as the goal is to achieve a similar baseline t lim , i.e. irrespective of the subject's exercise tolerance, it would not be expected to find a relationship between baseline t lim and survival, as has been demonstrated with V O 2 max and ISWT peaks. Therefore, HICWR protocols are only of use for judging the effectiveness of interventional protocols. The MCID for change in t lim is approximately 105 seconds. Results of t lim have been shown to be responsive to both pharmacological (e.g., bronchodilators) and non-pharmacological interventions (e.g., pulmonary rehabilitation). For bronchodilators, changes in t lim approximating the MCID have been reported, whereas pulmonary The endurance shuttle walk testing (ESWT) is designed from the results of the ISWT; after a 100-second warm up period at a slow pace, the recommended speed (often 80% of the peak ISWT) is instituted. Results can be expressed in feet or metres.
The available evidence suggests that, in COPD, endurance tests are more responsive to interventions, both pharmacological and non-pharmacological, than incremental tests (i.e., IET and ISWT) and the six-minute walking distance test (6MWD) 1 .
self-paced exercise tests
The 6MWD is an example of a self-paced test. The subject walks back and forth on an indoor 30-metre flat corridor for six minutes and the distance or laps are recorded 17 . As there is a learning effect, the largest (feet or metres) of the two tests should be used as baseline to any therapeutic intervention 18 . The MCID is felt to be between 25-33 meters regardless of the disease state. Six-minute walking distance (6MWD) can stratify mortality risk in COPD 23 and is part of the Body mass index, airflow Obstruction, Dyspnoea, and Exercise capacity (BODE) index 24 . The 6MWD is often used to assess the physiological improvement with pulmonary rehabilitation. According to a recent Cochrane Review of 38 trials, the mean effect of pulmonary rehabilitation on 6MWD is 44 metres (95% CI 33 to 55) 25 . In patients with PAH the 6MWD keeps good correlation with improvements in haemodynamics 26 
Dynamic hyperinflation
Since dynamic hyperinflation (DH) is one of the major determinants of exercise capacity and symptoms in patients with expiratory airflow limitation [30] [31] [32] [33] , the relevance of interventions on its time course during exercise is relevant for the following discussion.
The primary effect of bronchodilator therapy is to increase the resting inspiratory capacity while the rate of DH during exercise is generally not decreased 32, 34 . Therefore, bronchodilators delay the restriction on tidal volume imposed by the hyperinflation of the lungs, allowing a greater minute ventilation 32, 34 and, by reducing the operating lung volume, effectively improve inspiratory muscle performance 32, 34 and lessen dyspnoea 32 . Additionally, amelioration of DH results in a host of secondary effects with potentially additive beneficial effects on exercise capacity. Thus, DH diminution improves the lung-heart mechanical interaction, improving cardiac function 35, 36 and lowers the oxygen cost of breathing 32 , freeing up blood flow from the respiratory muscles to be delivered to the periphery 37 .
Leg muscle training in COPD patients has also been shown to reduce DH 1 . The mechanisms appear to involve a reduction in lactic acid production by the exercising muscle yielding reduced ventilatory requirements, such that V E and respiratory rate are lower at isotime 1 . Consequently, patients with airflow limitation can exercise for longer because the point at which a critical level of dynamic hyperinflation is reached is delayed.
ventilatory efficiency
The ventilatory equivalent for carbon dioxide (V E -V CO 2 ) (i.e., the slope between V E and V CO 2 or the minimal respiratory equivalent of CO 2 during incremental exercise tests or the respiratory equivalent at the lactate threshold) are increased in most respiratory and cardiac diseases reflecting increased pulmonary dead space (V D /V T ) or decreased arterial partial pressure of carbon dioxide (PaCO 2 ) or both 38 . In PAH, while both increased V D /V T and reduced PaCO 2 play a role, V D /V T is typically the main determining factor 15 . Moreover, in these patients, V E -V CO 2 significantly correlates with decreased cardiac output and particularly with increased pulmonary vascular resistance (PVR) 15 . The ventilatory equivalent for carbon dioxide (V E -CO 2 ) is also increased in chronic respiratory patients 39 mainly as a result of increased V D /V T because of ventilation-perfusion mismatching 40, 41 , the adoption of an inefficient breathing pattern 40 or concomitant heart failure 42 . More efficient ventilation has been shown after pulmonary rehabilitation in COPD 43, 44 and bronchodilator therapy 45 , which will likely result in reduced V E -V CO 2 .
maximal aerobic capacity
The locus of limitation in maximal oxygen flow could occur at any point between the lungs and the mitochondria of exercising muscles. In patients with COPD with low forced expiratory volume in one second (FEV 1 ) 30 , decreased peak V O 2 is typically dictated by (a) an elevated ventilatory requirement related both to increased V D /V T 31 , and also to premature metabolic acidosis due to muscle deconditioning/dysfunction 10, 31 and in some cases arterial hypoxaemia 31 , and (b) lowered ventilatory capacity 31, 46 and increased dyspnoea at a given level of V E , in which the increased respiratory impedance due to DH plays a major role [30] [31] [32] 41, 47 . The increases in peak V O 2 seen after training in COPD patients usually reflect a decreased ventilatory requirement 43, 44 . A minority of these patients have significant pulmonary arterial hypertension and in those, low cardiac output may limit exercise performance (Table 2) 48 .
While patients with primary PAH show extremely inefficient ventilation (with high V D /V T ) 49 , which may in some cases be the limiting factor for exercise, poor right cardiac function and arterial hypoxaemia are the main causes of low aerobic capacity 15, 50 . Therefore, V O 2 max improvements are usually a consequence of reduced pulmonary artery pressure and improved cardiac output 51, 52 . As in other chronic respiratory diseases, PAH results in muscle deconditioning/dysfunction which likely play a role in exercise limitation, since endurance training, increases V O 2 max in patients with PAH (Table 2) 11, 12 .
In regard to patients with ILD, respiratory mechanical abnormalities appear not to be the predominant cause for exercise limitation in the majority of patients 40, 53 . It is likely that the marked arterial oxygen desaturation, which is a common feature of ILD during exercise, plays a significant role, especially in patients with IPF 54 , since correction of arterial hypoxaemia improves V O 2 55 max (Table 2 ). While ventilation-perfusion mismatching is the primary contributor to the arterial hypoxaemia at rest and during exercise in ILD, diffusion limitation to oxygen transfer, due to a short transit time of the red blood cells through the pulmonary capillaries, also plays an important role 56 . This has been observed in patients with ILD of various aetiologies; nonetheless, there are differences in the extent of the gas exchange disturbance during exercise, which differ somewhat according to diagnosis. On average, patients with IPF show a larger increase in the alveolar-arterial partial pressure of oxygen difference (AaPO 2 ) during exercise than those with sarcoidosis 57 or asbestosis 58 . It has been hypothesised that these differences are related to the degree of underlying pulmonary interstitial fibrosis, as exercise-induced oxygen arterial desaturation correlates with the degree and distribution of parenchymal abnormalities on lung imaging 59 . Circulatory limitation can also determine maximal exercise performance in some patients with ILD 53 . The type of circulatory limitation depends on the disease state. For example, pulmonary hypertension is not uncommon in patients with IPF, with a strong association between elevation in pulmonary artery pressure and reduction in V O 2 max 60 , and it has been reported to be the primary limitation to exercise in patients with systemic sclerosis and ILD 61 . However, current treatments for pulmonary hypertension in patients with IPF have not shown a significant effect on exercise intolerance 55 . Cardiac dysfunction has been documented during exercise in patients with sarcoidosis, even in the absence of overt signs of cardiac involvement, lung function impairment or arterial oxygen desaturation 62 . This may represent subclinical granulomatous infiltration of the myocardium that can be treated with glucocorticoids 62 .
Peripheral muscle dysfunction can be another contributor to exercise limitation in ILD. Thus, quadriceps muscle force is an independent predictor of peak V O 2 both in sarcoidosis 63 and IPF 28 . It is likely that a component of the muscle dysfunction is related to deconditioning, since it responds to training ( Table 2) 28 . However, chronic oral glucocorticoid administration may contribute in some patients 63 . endurance Endurance is typically measured by constant WR testing. In healthy subjects 64 , patients with COPD 65 , and likely in other respiratory diseases (i.e. pulmonary hypertension, interstitial pulmonary diseases, cystic fibrosis, etc.), the relationship between WR and t lim for constant-WR high intensity exercise is hyperbolic (Fig. 2) according to the equation, t lim = W' /(WR -CP) 1 where W' is the curvature constant. Critical power (CP) represents the highest WR that can be maintained without V O 2 continuing to increase with time to V O 2 max rather than attaining submaximal steady-state conditions. Furthermore, in normal subjects, arterial pH can stabilise up to CP but not at higher work rates 64, 65 . It has also been described as the fatigue threshold or the limits of aerobic equilibrium during exercise 64 .
In healthy subjects, W′ is felt to reflect a finite energy store comprised of intramuscular high-energy phosphates (adenosine triphosphate [ATP], phosphocreatine), glycogen and stored oxygen, whose rate of depletion contributes to the establishment of t lim 64 . Alternatively, t lim may be determined by the rate at which fatigue-related processes (i.e. intramuscular accumulation of inorganic phosphate, potassium or H + ions) accumulate to some critical tolerable limit 64 . Endurance time may also be dictated by the tolerance to the uncomfortable sensations that arise when the systems involved are approaching to their limit 65 .
From the hyperbolic shape of the power-duration relationship (Fig. 2) , it can be inferred that the impact of interventions on t lim will depend on a complex interplay between CP, W' and the WR selected for the test 64, 65 . Both CP and W' can increase in COPD after endurance training 65 , the latter because of improved respiratory mechanical factors and/or (perhaps) dyspnoea desensitisation. Minor improvements in CP have a profound improvement in endurance t lim if the WR is adequately selected. This is likely the reason for the greater responsiveness of this kind of tests to most interventions compared with other tests 1 . There is no direct evidence on the effects of bronchodilator therapy on the power-duration relationship in COPD patients. However, as bronchodilators are known to increase the maximal voluntary ventilation and decrease DH 1 , W' might be increased as a result. Furthermore, unloading respiratory muscles by bronchodilator therapy increases locomotor muscle blood flow 37 and −by reducing DH− improves cardiac function as well 35, 36 . Both phenomena can increase CP. Endurance time also improves in hypoxaemic patients with supplemental oxygen 66 , mostly due to a slowing of the breathing pattern that forestalls the point at which dynamic hyperinflation results in ventilatory limitation, so that CP is thereby increased 1 . Other interventions aimed at unloading the respiratory system, such as breathing a helium/oxygen mixture, noninvasive ventilatory support or lung volume reduction surgery, may affect endurance time by similar mechanisms 1 .
After vasodilator therapy endurance improvements in patients with primary PAH correlates with changes in cardiac index and pulmonary vascular resistance 67 and the likely associated increase in CP.
six-minute walking distance test
During the 6MWD, the patient is encouraged to cover as much distance as possible in six minutes. Patients select the speed at which they perform the test and seem to do so in order to be able to walk at a sustainable speed. Therefore, although the 6MWD is not intended to be a constant WR test, several studies have shown that chronic respiratory patients tend to choose a relatively constant speed of walking, and hence WR 68, 69 , as shown by the attainment of a plateau in the V O 2 max and heart rate responses during the test 1, 68, 69 . Moreover, on average, COPD patients have been reported to select a walking speed during the 6MWD that is below the critical speed (the equivalent of CP for walking) 70 . The 6MWD has two particular features that make it different and potentially less sensitive to interventions than other exercise tests 1 . First, an improved 6MWD requires an increased walking speed, as has been reported in patients with COPD after locomotor muscle training (which included treadmill walking) 71 . Less readily accommodated, however, is the observation that COPD patients adopted similar walking speeds for 6MWD performed, following a placebo and a bronchodilator 1, 72 , suggesting that patients may tend to reproduce the same walking speed during repeated 6MWDs, irrespective of bronchodilator administration. This could explain why the 6MWT is an unresponsive exercise test for evaluating the effects of bronchodilator therapy. Second, the 6MWD test has a "ceiling" effect ( Fig. 3) as the linear relationship between V O 2 max and 6MWD is lost in less impaired subjects since they are closer to their maximal walking speed 1, 73 . In patients with primary PAH, 6MWD increases are correlated with improved haemodynamic, particularly with improved PVR 1, 27 .
The pooled analysis of the studies of pirfenidone in IPF demonstrated that after 72 weeks of treatment with this medication there was a statistically significant difference in 6MWD between the treatment and control groups of the order of 24 metres 74 . The mechanism for improvement in endurance after the anti-fibrotic treatment remains uncertain, since both lung function and gas exchange deteriorated in those studies 74 .
conclusIons
We have attempted to summarise the available evidence on the responsiveness of exercise tests to various pharmacological and non-pharmacological therapeutic interventions, as well as the underlying mechanisms associated with the achieved improvements.
As yet, a "gold standard" test has not been identified, and the choice of testing modality is both disease-and intervention-specific.
In addition, the mechanism of improvement from the intervention is different depending on the disease process. In COPD, it focuses on DH, while in pulmonary hypertension the focus is on improvements in cardiac function and in patients with interstitial lung disease on both gas exchange and hypoxia as well as cardiac function.
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